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Abstract 
To investigate the microstructure of nitrogen-induced localized state (EN) that perturbs the conduction band of GaAs host 
material, we adopted the photoreflectance measurements to chemical-beam-epitaxy and flow-rate modulated chemical-beam-
epitaxy grown GaAsN thin films. We measured both two split subbands to estimate correct values of EN. It was clearly seen that 
estimated EN decreased with increasing nitrogen content and temperature. By considering a change of a mean distance between 
adjacent nitrogen atoms, we concluded that the microscopic structure of EN is not only an isolated nitrogen atom but also 
nitrogen-related complex, accompanied by low-order pairs of nitrogen atoms and/or nitrogen clusters. 
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1. Introduction 
Dilute nitride semiconductor InGaAsN has been expected as an absorbing layer material for ultra-high-efficiency 
four-junction solar cells such as InGaP/GaAs/InGaAsN/Ge structure [1]. That is because the band gap energy (Eg) of 
approximately 1.0 eV and the same lattice constant such as GaAs and Ge are realized by adding a few percent of 
nitrogen. In this case, indium can be used to compensate the nitrogen-induced reduction of the lattice parameter. It is 
well known that Eg of GaAs1-xNx decreases drastically with increasing the nitrogen content (x) and x ~ 0.03 is 
required to realize that Eg ~ 1.0 eV. This anomalous behavior of Eg has been understood in terms of a band anti-
crossing (BAC) model proposed by Shan et al. [2]. In this model, an anti-crossing interaction between electronic 
states of the localized nitrogen (EN) and the semiconductor matrix leads to a characteristic splitting of the conduction 
band into two non-parabolic subbands of E− and E+. In this case, E− corresponds to Eg of GaAsN and E+ is related to 
a new and unique conduction-band edge of GaAsN. EN is located at about 1.65 eV above the top of the valence band 
from their photoreflectance (PR) measurements under hydrostatic pressures (Shan et al., 2000) [3]. They also fixed 
at CNM = 2.7 eV, where CNM is the coupling parameter between EN and unperturbed Eg of GaAsN. However, there is 
no insight into the basic parameters EN and CNM. In other words, it is not clear yet whether these parameters are 
determined by only nitrogen content or modified by other factors, such as temperature, distribution of nitrogen 
atoms, and its related defects. 
We adopted the PR measurements to the high-nitrogen-homogeneity GaAsN thin films grown by the chemical 
beam epitaxy (CBE). During the CBE growth, precursors only react on the growth surface owing to their long mean 
free path, and the reactions of nitrogen precursors with the substrate are weaker than those of nitrogen radicals. As 
the result, high-quality GaAsN thin films with higher carrier mobilities and longer minority carrier lifetimes have 
been obtained by CBE [5]. In our previous papers [5, 6], we measured perturbed both subbands of E+ and E− in order 
to estimate correct values of EN and reported that EN decreased as the nitrogen-content increased [4]. A consideration 
of the energy levels of an isolated nitrogen (Nx), pairs of nitrogen atoms (NNi), where i = 1, 2, …, in order of 
increasing pair separation, and nitrogen clusters may help explain the experimental results. However, it is not clear 
whether EN is determined by an averaged interatomic distance between nitrogen atoms or formation of nitrogen 
related clusters. The distribution and environment of nitrogen atoms may be changed by the sample temperature and 
growth method. 
In the present study, therefore, we investigate the effect of sample temperature and growth method on EN in order 
to obtain more reasonable knowledge of microscopic structure of EN. To obtain the high-nitrogen-homogeneity 
GaAsN thin films, the control of the structure and morphology of the growth surface are of critical importance to the 
nitrogen incorporation process [5]. We then employed two growth methods of conventional CBE and flow-rate 
modulated CBE (FM-CBE) methods. The latter method was proposed in order to increase nitrogen incorporation and 
to reduce carbon and hydrogen incorporations into GaAsN films, which form N-H related defects causing a 
degradation of electrical properties [7, 8]. This allows us to examine the effect of nitrogen homogeneity on the 
microscopic structure of EN. 
2. Experimental Procedures 
The n-type GaAs1-xNx thin films were grown on a semi-insulating GaAs substrate by conventional CBE and FM-
CBE methods. The substrate orientation was (100) tilted at 2 degree toward [110]. That is because the hole mobility 
in GaAsN films has been improved by using vicinal GaAs(001) wafers as substrates [5], which have been expected 
as a low density of nitrogen-related carrier traps. Since the growth pressure was approximately 10-2 Pa, the chemical 
reaction in the vapor was neglected and growth was occurred at only the surface of the sample by decomposing the 
precursors of Ga (triethylgallium: TEGa), As (trisdimethylaminoarsenic: TDMAAs), and N (monomethylhydrazine: 
MMHy). The growth temperature was varied from 340 to 480 ˚C. An attenuated silane gas was used as a Si dopant. 
As the conventional CBE growth, all the source gases were simultaneously supplied during the growth. The gas 
flow rates of TEGa and TDMAAs were fixed at 0.1 and 1.0 sccm, respectively. The gas flow rate of MMHy was 
changed from 3.0 to 18.0 sccm to modify the nitrogen contents [4]. For FM-CBE growth, while TDMAAs and 
MMHy were supplied continuously, TEGa was supplied for 2 s followed by a pause in the supply for 10 s. The gas 
flow rates of TEGa, TDMAAs, and MMHy were 0.1, 1.0, and 9.0 sccm, respectively [7, 8]. The thickness of CBE-
grown GaAsN thin films was the range from 500 to 630 nm, while those of all FM-CBE-grown films were 1000 nm. 
 Wen Ding et al. /  Energy Procedia  60 ( 2014 )  63 – 70 65
The nitrogen contents were estimated by X-ray diffraction measurements with assuming completely coherent 
growth and the validity of Vegard’s raw. The results were 0.003, 0.008, 0.011, and 0.018 for four CBE-grown films, 
0.006, 0.008, and 0.014 for three FM-CBE-grown films. 
The PR measurements were carried out using a standard setup [9]. A modulated Ar+ laser (488 nm, 3 mW) was 
used as the excitation source to generate an electric field. The probing light for measuring reflection was incident on 
the GaAsN surface at an angle of 45°. The modulation frequency was set at 279 Hz. The AC and DC components of 
the optical reflection from the sample surface were detected by a lock-in amplifier and a digital multimeter, 
respectively. Then, the ratio of them ('R/R) was calculated. Transition energies were estimated by fitting the third 
derivative Aspnes’ function to the 'R/R spectrum [10]. The PR measurements were carried out at temperatures 
ranging from 4 K to room temperature. 
3. Results and Discussion 
Figure 1(a) shows the nitrogen content dependences of the E− and E+ estimated by the third derivative Aspnes’ 
fitting analysis at room temperature. The E− and E+ denote the transitions between valence bands and the two split 
conduction subbands, respectively. For CBE-grown GaAsN samples, with the increase in the nitrogen content, the 
E− showed a red-shift whereas E+ moved in the opposite direction [4]. For reference, the predicted values of E− and 
E+ were calculated by using the following expression, 
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where EM is the energy of the conduction band edge of unperturbed GaAsN. Therefore, it might be calculated by 
linear interpolation between Eg of GaAs and GaN [11]. In these calculations, we tentatively used EN = 1.64 and CNM 
= 2.7 eV by reference to previously published data [3, 12]. Calculated values are also shown in Fig. 1(a) by the solid 
curves. Although the experimental points seem to coincide to the expected curves, one can note small but evidence 
deviations between them. The experimental data depart higher and lower sides for low and high nitrogen contents 
respectively. In contrast, the values of E− and E+ for FM-CBE-grown GaAsN films hardly changed by the nitrogen 
contents. Therefore, we should consider that the nitrogen-content dependences of EN. 
According to the BAC model, the energy of the localized nitrogen state EN and coupling parameter CNM can be 
calculated by using Eq. (1) as 
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respectively. Calculated EN and CNM using the data from Fig. 1(a) and Eqs. (2) and (3) were plotted in Figs. 1(b) and 
1(c), respectively. EN for CBE-grown GaAsN films decreased with the increase in nitrogen content as reported in 
our previous papers [4, 6]. This is contrast to the discussion of Shan et al., where they had assumed the constant 
energy of EN = 1.65 eV [2, 3]. We have suggested that the microstructure of EN may not only be isolated nitrogen Nx 
but also contain NNi, and/or nitrogen clusters [4]. On the other hand, as shown in Fig. 1(b), EN for FM-CBE-grown 
GaAsN samples did not change by the nitrogen content. However, those values were much smaller than the value of 
1.65 eV assumed by Shan et al.  
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Fig. 1. (a) Experimental E− and E+, (b) estimated EN, and CNM as a function of nitrogen content. The EN, and CNM were calculated using Eqs. (2) 
and (3). 
Figure 2 shows the temperature dependence of 'R/R spectrum for CBE-grown GaAsN film with 0.8% sample. 
The E− as the bandgap of GaAsN and E+ were clearly observed. They shifted to higher photon energies with 
decreasing temperature. The transition energy of E−+'so that indicates the transition between the spin-orbit split-off 
valence band and E− was also observed and its shift amount was same as that of E−. All samples including FM-CBE-
grown ones showed similar temperature dependences. By using Eq. (2), we calculate EN for all samples and 
temperature dependences for CBE-grown samples were plotted in Fig. 3. As shown in the figure, all EN increased 
with decreasing the temperatures due to increasing the bandgap energies of host GaAs. For detailed discussion, we 
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evaluated the temperature coefficient of EN (dEN/dT) by the least square method for the temperature range from 100 
K to room temperature. Results were shown in Fig. 4 as a function of nitrogen content. We found −dEN/dT = 0.33 
meV/K for a present CBE-grown GaAs0.992N0.008 thin film sample, in quite good agreement with previously 
published data of 0.33 meV/K for a CBE-grown GaAs0.9935N0.0065 thin film [13]. In this figure, results for FM-CBE-
grown samples were also plotted by the closed circles. We found that −dEN/dT for both CBE- and FM-CBE-grown 
samples showed a negative correlation with nitrogen content. 
 
Fig. 2. Temperature dependence of the PR spectrum for CBE-grown GaAsN film with 0.8%. 
Fig. 3. Temperature dependences of EN for four CBE-grown GaAsN thin film samples. 
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In general, the Eg of semiconductors tend to decrease with increasing temperature, it can be described by 
Varshni's empirical expression. Amplitude of atomic vibration increases when the temperature of the sample 
increasing, this leads to a larger interatomic spacing. The temperature coefficient of Eg of GaAs was reported to be 
0.452 meV/K [14]. If EN is a localized level caused by an isolated nitrogen atom, its energy is kept constant at 1.65 
eV above the conduction band and the −dEN/dT = 0.452 meV/K is also expected following the temperature 
dependence of host semiconductor matrix. However, the values of −dEN/dT for all samples decreased as increasing 
nitrogen content. To explain present nitrogen-content dependencies of −dEN/dT, we have to consider an interaction 
between adjacent nitrogen atoms, especially a change in mean distance between adjacent nitrogen atoms (LN) in 
GaAsN. Decrease of a lattice constant accompanied by a temperature decrease results in the decrease of LN. It is 
expected that −dEN/dT may change with LN. However, a value of LN when the nitrogen content is very low about 
0.01 is too long to explain the present experimental results. Therefore, present experimental results also imply that 
the microscopic structure of EN is not only an isolated nitrogen atom but also nitrogen cluster as proposed in our 
previous paper [4]. It is noted that −dEN/dT for FM-CBE-grown samples were larger than those for CBE-grown 
samples. A large value of −dEN/dT implies a large LN. Since the position of nitrogen atom will depend on the 
nitrogen-supplying sequence during the crystal growth, nitrogen atoms will distributed more uniformly for FM-
CBE-grown GaAsN films than in the case for CBE-grown samples. 
Fig. 4. The nitrogen-content-change of -dEN/dT. The dashed line is just to guide the eye. 
Next, we discuss a coupling parameter of CNM. The CNM were calculated by using Eq. (3) and results at room 
temperature are shown in Fig. 1(c). We obtained CNM = 2.72 eV for CBE-grown GaAs0.989N0.011 sample, this 
qualitatively confirms the CNM = 2.7 eV in the previously published data [12]. Although CNM for CBE-grown 
samples showed an increasing tendency with nitrogen content, those for FM-CBE-grown samples showed a specific 
decrease. The reason of this different behavior between CBE- and FM-CBE-grown samples is not clear yet. 
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The temperature dependencies of CNM were also calculated using the data of low-temperature PR measurements. 
A part of calculate results were plotted in Fig. 5. In contrast to the EN, CNM for all samples did not change by 
temperature. On this point, Grau et al. [13] reported the temperature dependencies of CNM for GaAs0.9935N0.0065 and 
GaAs0.988N0.012 thin film samples. As mentioned above, however, we considered that they mistook about EM, which 
is the conduction band energy of GaAsN neglecting the interaction with EN. We then concluded that CNM does not 
depend on the nitrogen content or temperature. 
Fig. 5. Temperature dependences of CNM for all GaAsN thin film samples by CBE and FM-CBE. 
4. Conclusion 
We have investigated the microstructure of nitrogen-induced localized level EN that perturbs the conduction band 
of GaAs host material. To estimate correct values of EN, we adopted the PR measurement to high-nitrogen-
homogeneity CBE- and FM-CBE-grown GaAsN thin films and measured perturbed both subbands of E+ and E−. It 
was clearly seen that EN for CBE-grown samples decreased with increasing the nitrogen content. On the contrary, 
those for FM-CBE-grown samples did not change by the nitrogen content. From the low-temperature PR 
measurements, it was found that EN increased with decreasing temperature. Most important finding was that the 
temperature coefficient of −dEN/dT for both growth method samples showed a negative correlation with nitrogen 
content. By considering a change of LN, we then concluded that the microscopic structure of EN is not only an 
isolated nitrogen atom but also nitrogen-related complex. Considering a microstructure that EN consists of Nx, NNi, 
and cluster may explain the present result why the estimated EN decreased and −dEN/dT showed a negative 
correlation with increasing nitrogen content. From the difference in −dEN/dT between two growth methods, we 
concluded that nitrogen atoms will distributed more uniformly for FM-CBE-grown GaAsN films than CBE-grown 
samples. For the coupling parameter of CNM, we concluded that it does not depend on the nitrogen content. In 
addition, it was found that CNM for all samples did not change by temperature. 
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